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PREFACE 


A study has been made of the neutron interaction prop- 
edilities for sodiun, megnesiun, chlorine, potessiun, and 
celcium. Sets of neutron and game rey production cross 
sections heve been prepared for these elements. This report, 
which is divided into six parts, describes the methods used 
to vrepere the recommended set of date. Part I contains 
general informetion and the dete formet used. Parts Ii 
through VI describe the neutron cross sections for each of 
the five elements. The titles for Parts I through VI, 
respectively, are: General Information and Data rormat, 


Sodium, Megnesium, Chlorine, Potassium, and Calciun. 


ABSTRACT 


Sets of neutron and gamma ray production cross sections have 


peen prepared for the element sodium. These data sets include 
total and pertial neutron cross sections as well as the cross 
sections for producing deexcitation gamma rays. Information 
is also given for the angular and energy distribution of the 


secondary neutron and gamma rays. 
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A~1 


SODIUM 


i. DFffRODUCTION 


This report describes the neutron cross sections for sodium. Neutron 
interactions for the energy range from 0.01 eV to 20.0 MeV have been assessed 
and recommended sets of neutron cross sections have been prepared. Total and 
partial neutron cross sections have been obtained along with energy and angu- 
lear distributions of secondary neutrons. Also, gamma ray production cross 
sections and energy and angular distributions of secondary gamma rays have 


been obtained. 


Tne rec <aended cross sections have been based primarily on an evaluation 
of the available experimental data. Theoretical model calculations nave 
been used to obtain recommended cross sections where experimental data were 
not available. Also, in some energy regions, best estimates have had to be 
made where experimental data were lacking and model calculations were not 


considered to be valid. 


A systematic review was made of experimentally measured neutron cross sec- 
tion data. This literature survey is believed to be reasonably complete for 


data available through August 1956. 


Co PHYSICAL PROPERTIES OF SODIUM 


= 
Sodium is a mono-isotopic element. The atcmic mass for eoNa is 


29,98977' +) in the carbon-1l2 system. With the exception of elastic and in- 


23 


elastic scattering, neutron interactions with Na produce residual nuclei 


that have relatively short half lives. Table 1 gives several of the more 


23 


important reactions of neutrons with Na and the decays of the residual 


nuclides. 
Table i 
Neutron Reactions with Sodium-23 
Decay Mode 
Reaction Residual Nucleus half life) Decay Nucleus 

n,n et a _stable oh 
ny pala 8 (15.0 hr.) 2 3Me 
n,D pole 87(38 sec.) pone 
n,@ pak B87(11 sec.) Ne 
n,d p Ne stable 

n,t sole stable 3 
n,n poNa 8*(2.58 yn) Ne 
n,nvd igve stable 

n, ng F stable 
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3. 


POSSIBLE XEUTRON REACTIONS 
3-1 Thresholds for Neutron Induced Reactions 


The possible neutron interaction channels that have been considered 
in this study have been taken from canpilations by Howerton, et ai?) 
and from Endt and Van der Leun. ‘3? The possible neutron reactions and 


their threshold energies are summarized in Table 2. 


Table 2 


Thresholds for Neutron Reactions with Osis 


Reaction Threshold( Mev Q-Va lue( MeV 
n,en 12.98 - 12.434 
n,3n 24 9 ~ 23.461 
n;P 3.76 - 3.597 
n,np 9.18 - 8.79% 
n,d 6,85 - 6.562 
n,nd 17.65 ~ 16.946 
nyt 11.16 - 10.691 
n, nt 18.22 - 17.454 
n,He2 17.10 ~ 16.381 
Nyw 4.05 - 3.880 
n,n 10.95 - 10.498 
ny¥ 0.9 + 6.959 

.lowest level) n,n’ 0.4585 0.4392 


3.2 Discrete Gamma Rays Emitted After Inelastic Scattering 


Numerous gamma rays mey be emitted from decay of levels that have 


been excited by inelastic neutron scattering. The energy leveis of 


23 


Na have been teker 


‘om data compiled by Endt and Van der Leun. 


(3) 


The gamma ray transitiors and branching ratios have been taken from this 


conptiation' 


and from recent measurements. 


vee The energy level 


scheme that has been used in this study is shown in Figure l. 


The spins and parities of the ground and first excited states have 


been found to be 3/2" and 5/2", respectively. The spin and parity assign- 


ments for these levels appear to be quite well founded. However, for the 


higher energy levels, there remains some question about the spins and 


parities. 


Lancman, et al. 


parity assignments for the levels in 


(7) 


The values given in Figure 1 were taken from measurements by 


Laneman also reviewed the status of the spin and 
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Three possible energy levels have been ignored because of the un- 
certainties involved. Tfancman, et al?) has observed two uncertain 
levels, one at 2.403 MeV and the other at 2.87 MeV. A level at 5.5 MeV, 
identified by Boyer!) using a (d,d') reaction, has not been observed by 


egoerinente 2” that should have detected this level. 


The discrete gamma rays, from inelastic neutron scattering, that 


~ A a a ele nr ee i ame ee 


have been considered in this study are given in Table 3. The mixing 


ratio for the 0.4202 Mev (5/2 ) to 0.0 (3/2 ) transition has been taken : 


from Endt and Van der Leun. 3) 


3.3 Discrete Gamma Rays Emitted After Proton Emission 


u~/ 


Neutrons that have incident energies of 4.8 MeV or more may undergo 
(n,p) interactions that leave the residuel nucieus, eye, in an excited 


state. e3ne has excivcation Levers (371011) at 1.02, 1 70, and 1.82 MeV. 


However, very little information was available to establish the nature 
of the deexcitation for levels higher in energy than the 1.02 MeV levels. 


Figure 2 shows the energy levels and decay properties of eSNe . 


2.4 Discrete Gamma Rays Emitted After Alpha Emission 


In a manner similar to the (n,p) reaction in 23Ne , gamma rays may 


be emitted in the (n,q@)} reaction for neutrons that have energies higher 
(10 


bon | 


than 4.7 MeV. Decay of the first two levels in ALE has been observed. 


The energy levels in 205 are shown in Figure 2. 
NEUTRON CROSS SECTIONS 


4,1 The Total Cross Section 


The references which served as sources of total cross section data 
are presented in Table 4, along with the range of energies covered by 
the measurements. Figures A-l through A-10 of the Appendix present the < 
plotted results of these measurements from 0.01 to 20 MeV along with the 
line through the data which serves as the "best" estimate of the total 


cross section of sodium. The details of the data evaluation follew. 


The line through the data follows the measurements of Joki, Miller, 
and Bvans (2) up to 10 eV. Below approximately 0.4 ev it was convenient 


to treat the scattering cross section as constant and add the capture 


10 


Table 


3 


Gamma Rays Produced by Inelastic scattering in Sodium 


Gamma Energy 
MeV Transition Multipo1arity 

0.4392 0.4392 (5/2+) t0 0.0 (3/24) M1, Eo” 
2.03 2.08  (7/2+) to 0.0 (3/2+) 2 
1.64 2.05 (7/2+) to 0.4392 (5/2+) Ml, E2 
2.391 2.391 (1/2+) to 0.0 (3/2+) (Isotropic)** 
1.952 2.391 (1/2+) to 0.4392 (5/24) (Isotropic) 
2.64 2.64 (1/2+) to 0.0 (3/2+) (Isotropic) 
2.266 2.705 (9/2+) to 0.4392 (5/2+) E2 
0.625 2.705 (9/2+) to 2.08 (7/24) M1, E2 
2 98h 2.954 (3/2+) to 0.0 (3/2+) Ml, Ee 
2.545 2.984 (3/2+) to 0.4392 (5/2+) Ml, E2 
3.678 3.675 (3/2+) to 0.0 (3/2+) M1, E2 
3.239 3.678 (3/2+) to 0.4392 (5/2+) Ml, E2 
1.598 3.6078 (3/2+) to 2.08 (7/2+) E2 
1.038 3.678 (3/2+) to 2.64 (1/2+) Ml, E2 
3.850 3.850 (5/2+) to 0.0 (3/2+) M1, Ee 
1.77 3.850 (5/2+) to 2.08 (7/2+) Ml, Ee 
3.915 3.915 ($/2+) to 0.0 (3/2+) Ml, E2 
3.476 3.915 (5/2+) to 0.4392 (5/2+) Ml, E2 
bk 432 4.431 (1/2-) to 0.0 (3/2+) (Isotropic) 
4.778 4.778 (5/2+) to 0.0 (3/2+) Ml, E2 
4 339 4.778 (5/2+) to 0.4392 (5/2+) Mi, Ee 
2.698 4.778 (5/2+) to 2.08 (7/2+) Ml, E2 
1.794 4.773 (5/2+) to 2.984 (3/2+) Ml, Ee 
1.100 4-78 (5/24) to 3.678 (3/2+) M1, E2 
3.88 €.27 (1/2+) to 2.392 (1/2+) (Isotropic) 
Tat (Ald. (5/24) t01-0.0 (3/2+) Ml, Ee 
6.66 7.1. (5/2+) to 0.4392 (5/2+) Ml, E2 
4 U6 7.11 (5/2+) to 2.64 (1/2+) k2 
412 7.11 (5/2+) to 2.984 (3/24) Ml, Ee 


x 
Mixing ratio, 6,was found to be 0.045. 


Oy 
By nature of the decay, these gamma rays have an angular 
distribution that is isotrcpic. 
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cocgson, Gelleser arc Bovey (23) are in agree- 


<2 = ihe edove measurements Cown to their lower linit at 2.? ey. 
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J 
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itowing the calculated curve. Recently a J value 


this resonence. 
cause this recent result is in tn tne detter previous 


Be- 


results anc is rather preliminary, it nas not been used. 


HJetween 


10 keV and 50 keV a smooth curve hes been drawn through the 


experimental date. Greatest weight has been given to the messurements 


which are close to tne mean of the other measurements and 


whicn have greater statistical precision. It should be noted that the 


weak resonance at about 3C kev recently observed in the capture cross 
section by C. Le Rigoleur, et et a3”) 


section. 


? Hioddon 


is not noticeable in the total cross 


Above 50 keV the curve through the experimental points has been 


joined smoothly with cross section points calculated using the reso- 
nance parameters of the 54 keV posgnaiice = ) 


Doppler brcadened to 300°K. 
Above the resonances the calculated curve has been joined smoothly to a 


curve drawn through the experimental points. 


Here again the measurements 


of Hiddon' ) have been given the greatest weight for energies up to 100 
keV. 
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From 100 keV to epvroximiely 1.0 MeV the measurements of Stelison 
(22) . . : : s4 
and Preston’ ~ have deen usec entirely peceuse they nave ine pest reso- 
tution and statistical vrecision. ‘Tne level of the measurements of Adair, 
22 ee : 
et aif is in egreement with throse of Stelson and Preston, but these 


measurements are sperse and oF lower statistical accuracy and resoinution. 
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Fron 1.0 to 2.0 Me¥ the measurements of F. W. Vaughn, et alt >) have 
been used Drinmerily to determine the srape of the totel cross section 
Since these points sno« less scatter and indicate sonewnat better reso- 


ci However, the level of the cross section 
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agreement, an agreement which generally imvroves es tne energy 


fnis is presizably because the fluctuations in tne cross section ere ce- 
creesing as the energy increases. A smooth curve has been drawn througn 


ints up to 14.5 MeV. 
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The remaining total cross section frem 14.5 to 20 MeV has teen deter- 
mined fron the experimental point et 16.2 MeV and an optical model calcu- 
~ AJ « ~ 8 
letion using the code apacus-1t. ‘3 Tne potential well parameters use 
for the calculations were those of P. F. Zweifel, et al.as presentec by 
Si) per 2 Baia 
but cnanged to match tne known varia- 


(40) 


tion of the well parameters with energy. 


T. J. Krieger and S. Pearlstein 


4.2 The Capture Cross Section 


The references which served as sources of capture cross section 


Gata are presented in Table 5 along with the energy or energy range of 


the measurements. Figures A-11 and A-12 of the Appendix present the plot- 


ted results of the measurements along with the line through the data 


which serves as the "best" estimate of the capture cross section. The 


capture cross section measurements at 0.0253 eV are presented with the 
references rather than plotted. 


The value of the thermal capture cross section recommended by J. R. 


Stehn, 2t al. in BNL-325, Supplement o( 41) can be taken as the best value. 
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Fron 0.01 eV to about 4.5 keV the capture cross section curve shown 
in Figure A~il was calculated from the parareters of the 2.85 keV resonence 
found in BNYL-325 Second Edition, Suppiement 1,4 Tne radiation width 
of this resonence is chosen to yield the tnermal capture cross section. 

The strength and rroximity of this resonance and attempts to fit the total 


(15) roke it unlikely that any negetive energy 


cross section in this region 
resonance contributes significantly to the tnerra? cross section. Tne 
other positive ene gy resonances are either too far away, too weak, or 
are not s-wave resonances, end make a negligible contribution to the ther- 


mal capture cross section. 


Above 4.5 keV a smooth transition is msde to a curve which follows 
the measurenents of C. Le Rigoleur, et ai (37) up to 150 keV. In the 
transition region the curve lies pelow the first two measured points of 
C. Le Rigoleur, et al, This is desirable since the energy spread of the 
neutrons involved in their measurements would make these points high be- 
cause of the proximity of the 2.85 keV resonance. Here a transition is 
mede from the “perfect” resolution of the calculated capture cross sec- 
tion to the poorer resolution of the cayrture cross section meesurements. 
Tre measurements of C. Le Rigcleur have been selected because they have 
better resolution than most of the other measurements and have provided 
a better energy variation of the capture cross section. The average 
level of their measurements is in fairly good agreement with the data 


of the other experimenters. 


From 150 keV to 1.0MeV the experimental points of S. J. Bame and 
R. L. cupitt OL) nave been followed. Above 1.0MeV the cross section is 
extremely small and is essentially unknown since the measurement by 
J. L. Perkin, et ai!) is undoubtedly much too high. The cross section 
is not expected to rise to the extent inaicated by their measurements in 
going from 1.0MeV to 14.5 MeV. This is borne out by the fact that their 


measurements are high for Mg and eT Ay, 


Capture cross sections for a given value of the orbital angular 
momentum are expected statistically to crop off with increasing energy 
like 1/E when the neutron width exceeds the radiation width and when there 
is no competition from other reactions. Increasing competition from other 


reactions, which is expected as the energy is increased, will cause a more 


18 


rapig grop in this pertial capture cross section. Tne total capture cross 
section is not expected to drop es rapidly since high2r end higher angu- 
lar momente contribute as tne energy increases. Secause the capture cross 
section above 1.0 MeV ics small, it nas been arditrarily assumed to drop 
off as 1/E above 1.0 MeV up to 20 MeV, rather than trying to estimate it 


in a more refined manner. 
4.2) Charged Particle Cress Sections 
4.2.1 The (n,p) Cross Section 


Figures A-13 and A-14 of the Appendix present the (n,p) cross 
section reasurerents of sodium from threshaid at 3.76 MeV to 20 MeV 
along with the smooth curve drawn through tne data. The (n,p) 


cross section references ere presented in Table 6. 


(65) 


From 3.76 MeV to 10.5 Me¥ the measurements of Williamson 
were followec. Considerable structure is shown in the cross section 
in this energy regicn. Tne limited measurements of Jelley and Pau (T) 
are in ag. Tement witn tnose of Williamson. The measurement of R. 
Bass, et 3168) at 8.0 MeV lies somewhat higher than those of 


Williamson. 


Between 10.5 and 14.06 MeV the (n,p) ercss section has been 
guessec. The shape of the cross section is that cheracteristic of 
the (n,p) cross section of other nuclides. Since the slope and value 
or the cross section are reasonably well determined by experiment 
at each end of this energy region, the guess is expected to be fairly 


accurate. 


From 14.0 MeV to 20.0 MeV a smooth curve has been drawn 
through the data. All the data for this energy region are in good ‘\ 
agreement except for the low measurement of M. Bormann, et a'©9) 


at 14.0 MeV which has been discounted. 


All of the measurements of the (n,p) cross section of sodium 
except for those of D. L. Adian‘ 7°) are activation measurements. 
Because of this, the cross section shown will also include (n,py), 
(n,pey), etc. reactions. The Allan measurements could also include 


these reactions. They were corrected for the (n,np) reaction. 
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Table 6 


Reference for the (n,p) Cross Section 


Reference Taooratory Year Energy Range 
C. F. Williamson Texas 1961 k - 10.5 MeV 
Picard and Williemson'©°) Saclay 1962 14 - 21 Mev 
Khurana and Govin'™) india 1964 14.8 MeV 
Csikai, Gyarmati and Hunyaai’ !? Hungary 1962 14.6 MeV 
2 

Mukherjee, Ganguly and Majumder @2) Seha Inst. 1961 14.3 MeV 

Ds Ls Arlen’ 1) Harwell 1961 14.0 MeV 

M. ponmana’?? Hamburg 1960 14.0 MeV 

); oh 

Paul ard clarke! ? Chalk River 1952 14.48 MeV 
Mitra and Chose >? India 1956 14.8 MeV 
Bass, Saleh and Ranger’ Frankfurt 1965 8 MeV 


4.2.2 The (n,a) Cross Section 


The (n,a) cross section measurements of sodium are presented 
in Figure A-15 of the Appendix along with the smooth curve through 
the data from threshold at 4.05 MeV to 20 MeV. The references for 


the measurements are listed in Table 7. 


From 4.05 up to 10.5 MeV the data of Williamson(©?? has been 
followed although no attempt has been made to give the structure to 
the cross secticn indicated by the scatter of points between 8.5 and 


10.5 MeV. 


From 14 to 20 MeV a smooth curve has been drawn through the 
data which are all in reasonable agreement except for the measurements 


(69) 


of M. Bormann, et al, which are pelieved to be low. 


Between 10.5 ‘ad 14 MeV the cross section has been guessed by 
completing the smooth curve between the regions where measurements 
have been made as was done in the (n,p) case. Again, the curve in 
this region is expected to be a fairly accurate representation of 
the cross section. 
All of the (n,q@) measurements, except those of Bizzeti, swan), 


were activation measurements so that actually the cross section 
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indicated is the sum of (n,a), (n,ay), (n,@ 2y), etc. cross sections. 


(76) 


The Bizzeti, et al. measurements also include the (n,nqa) reaction, 


but this is claimed and appears to be sméll. 


Pable 7 


References for the (n,a@) Cross Section 


Reference Laboratory Year Energy Range 
Saclay 1963 14 ~ 21 MeV 


< Picard and Williamson 
Williamson’) Texas 1961 6 - 10.5 MeV 
: Bizzeti, Bizzeti-Sona, Bocciolini‘ ©) Florence 1962 14.0 MeV 
Mukherjee, Ganguly and Majumder’ !2) Saha Inst. 1961 14.8 Mev 
M. Bormann, et ar! 69) Hamburg 1960 1h MeV 
Csikai, Gyarmeti and Hunyaai’ '@) Hungary 1962 14.6 Mev 
Bass, Saleh and Fanger (5) Frankfurt 1965 8 MeV 


4.2.3 Other Cross Sections for Charged Particle Emission 


Figure A-16 of the Appendix shows the measurements of the 
(n,na) cross sections of a number of light nuclei as a function of 


the energy above threshold as taken from BNL~325, Second Edition, 


(42) 


Supplement 2. Included in the figure is a single inaccurate 


determination of this cross section for sodium by subtraction of 


the (n,a) cross section from the measurement cf 0. N. Kau 17) and 


a guess for the (n,na) cross section of sodium up to 12 MeV above 

threshold. Since there seéiic to be no simple dependence of the 

cross section on mass number, the guessed cross section is given 

the approximate shape of the measurements for other light nuclides 

as a function of energy and a level which forces the curve through 

the one measurement for sodium. The threshold for the (n,na) “ 
reaction of 10.95 MeV is added to the energy scale in the figure 


to obtain the incoming néutron energy. 


Figure A-17 of the Appendix shows the measurements of the 
(n,up) cross section of a number of light nuclei plotted against the 
energy above threshold. These data were taken from BNL-325, Supple- 
(41) 


ment 2. There appears to be no simple dependence of the (n,np) 
eross section as a function of mass number. The smooth curve drawn 


through the data has been used es the sodium (n,np) cross section. 
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The threshold energy of 9.18 MeV added to the energy scale of the 
figure yields the incoming neutron energy of the cross section. - No 


measurements of the (n,np) cross section have been made for sodium. 


The cross sections for the following reactions have not been 
included in this cross section compilation: (n,d), (n,nd), (n,t), 
(n,nt), and (n,He~). The reactions (n,nd), (n,nt) and (n,He-) all 
have thresholds near or above 17 MeV and are expected to make very 
small contributions up to 20 MeV. No measurements of the (n,d) and 
(n,t) cross sections exict. Their thresholds at 6.85 and 11.16 MeV, 
respectively, make it likely that their contribution to the cross 
section is desirable. There is some indication from the experiments 
of Hassler anc pecx( (8) that the (n,d) cross section is not unimpor- 
tant at 14 MeV. However, the measurements shown are at O° and the 
cross section is expected to be peeked in the forward direction so 
that it is impossible to determine the (n,d) cross section from 
their measurements. Sodium was not one of the nuclei measured by 
Hassler und Peck. No information on the (n,t} cross section is 
available. Wo attempt has been made to calculate these cross sec- 


tions. Neglect of these cross sections had the effect of increasin 
g 


the inelastic cross section. 
4.4 The (n,2n) Cross Section 


Figure A-10 of the Appendix shows the measurements of the (n,2n) 
cross section of sodium from threshold at 12.98 MeV to 20 MeVY. Also 
included in the figure is a smooth (n,2n) cross section curve calculated 
by the method of Pauristein. |? The references from which the data in 


the figure were obtained are listed in Table 8. 


It is seen from the figure that the data above 14 MeV are in violent 
disagreement, the data of Picard and WiLliamson\©°) lying considerably 
f 
lower than those of Liskien and Bagieear Although the latter data 
have greater precision, another independent measurement at 14.1 MeV by 
(81) 
Prestwood 


Williamson. The discrepancy apparently cannot be resolved without fur- 


is in better agreement with the measurements of Picard and 


ther measurement. The choice here has been to use the calculated cross 


section which lies intermediate between the two sets of experimental data. 
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4.5 The Inelastic Scattering Cross Section 


Figures A-19 through A-22 of the Appendix present the measurements 


Ae eg ee 


of the inelastic scattering cross section of sodium for the 0.438, 
2.08, 2.39 MeV levels and the total inelastic scattering cross section. 
References for these cata are presented in Table 9. The dashed curves 
in the figures represent the results of the Hauser-Feshbach calculation 


contained in AsACUS II which used the same potential well parameters as 


discussed under the total cross section. The solid curves in the figures 
represent the best estimate of the cross section. For the 0.438 MeV 
. level the results of Chien and smith! 82) | Towle and Gi boy ‘8? and to 
(83) 


some extent those of Lind and Day are most heavily weighted above 
1.0 MeV since they are of higher resolution than the earlier measure- 


ments, giving more of the cross section structure. 


At 2.2 MeV, the threshold for exciting the 2.08 MeV level, the solid 
curve of Figure A-19 for the 0.438 MeV level is joined smcothly to the 
Hauser-Freshbach calculation of the total inelastic scattering cross 
section up to 9.0 MeV. As seen in Figure A-22 this calculation lies 


(05) strizhex 69) 


above the measurements of Shipley, et al. 


(90) (91) 


» Lovchikova 
and Sal'nikov , and Pasechnik. However, there is no reason to 
expect the total inelastic cross section to drop, as indicated by these 
experiments since this is below the threshold for competition from other 
reactions. The fact that the Hauser-Feshbach calculation is in good 
agreement with the measurements up to 2.0 MeV supports this stand. The 
measurements of Lovchikova and Sal'nikov, and Pasechnik can reedily be 
low because of the difficulty in separating the elastically scattered 
neutrons from those inelastically scattered by excita*ion of the \ 
0.438 MeV level with the threshold detectors used in their experiments. 
. The results of Shipley, et al. were obtained by an experiment primarily 
aimed at obtaining the angular distribution of the inelastically scat- 
tered neutrons. The precision of the experiment and the difficulties 
associated with the determination of the counter efficiencies make it 


appear reasonable to discount their results. 


At energies above 9.0 MeV the inelastic cross section has been ob- 
tained by subtracting the charged particle, the (n,2n) and rapture cross 
sections from the nonelastic cross section. Very little experimental 


data were available for the nonelastic cross section of Sodium. 
23 


Table 8 
Referer.ces for the (n,2n) Cross Section 
Reference Laboratory Year Energy Range 
Picard ard Williamson Saclay 1962 12.5-21 MeV 
(82) Los Alamos 1955 14.0 MeV 


nr 
(80) Geel, Belgium «1964 12.5-16.5 MeV 


R. J. Prestwood 
Liskien and Paulsen 


Table 9 
References for the Inelastic Cross Section 
Reference Laboratory Year Energy Range 
Towle and Gilboy . Aldermaston 1962 0.5-2 MeV 
Lind and Day‘ 83) Los Alamos 1961 0.4-2.2 MeV 
Freeman and Nontegue’’? Harwell 1958 0.5-1.2 MeV 
ae se (he John Hopkins 1959 2.5-h MeV 
| Glazkov' 8) USSR 196? 0.6,0.8,1.2 MeV 
| Poze and Glezkow USSR 1956 1.0 MeV 
| Chien and Smith Argonne 1965 0.8-1.5 MeV 
| strizhak! 59) USSR 1956 2.5 MeV 
| Lovehikova and Sal 'nikov (2) USSR 1961 2.5 MeV 
| Pasechnik( 22? USSR 1955 2.5, 4.1 MeV 


The nonelastic cross section was obtained by drawing a smooth 
. curve thrcugh the experimental data given in BNL-325, Second Edition, 
| Supplement of 42) for the element aluminum. Because the (n,p) cross 
section has some structure between 9 and 11 MeV and the other cross 
sections do not show this structure, the inelastic cross section in 


this region has an inverted structure obtained in the subtraction 


which is not real. 
S. ANGULAR DISTRIBUTION OF SECONDARY NEUTRONS 


| 
| 
{ 
| 
| 5.1 Elastically Scattered Neutrons 
| 


The angular distribution of elastically scattered neutrons has been 


4 
observed! 2*99399 to change rapidly as a function of incident neutron 


energy, particularly for the neutron energy range from 0.2 to 1.2 MeV. 


ok 


In this energy range the enguler cistridutions nave been found to oe 

very dependent upon the scattering resonance properties. Because of this, 
the reported elastic scattering measurements were difficult to interpret. 
Meas iremenits mace at slightiy differing incident energies and with the 
same resolution, or even at the same energy but with different resolutions, 
were founc to differ by lerge amounts. 


3lock, et a'99) reported a measurement Trom which they deduced thet 


elastically scattereé neutrons from the 2.8 keV resonance were isotropic. 


96) (97) . 


2 Langscdorfr, et ai! and Block, et al. neve made measurement at a few 
angles for scattered energy points between 0.05 to 0.2 MeV. Although 
these measurements were made with rather low experimental resolution, 
they did give some icea of the average angular distribution for elasti- 
cally scatterec neutrons for this energy range. 


(92,92,9%) 


Several measurements have been reported for the energy 
range from 0.2 to 2.2 MeY. Of these, the distributions measured by 
Chien end smith (94) for the energy range from 0.3 to 1.5 appear to te 
the best since they reported the elastic and inelastic neutrons. Towle 


and Gilboy 82 98) have reported values for measurements made for 0.98, 
4250, 2.515, and 32.97 MeV incident energy neutrons. No experiment 


measurements were available for neutron energies above 4.0 MeV. 


The recommended angular distributions have been based upon experi- 
mentally measured data for neutron energies up to 4.0 MeV. Above 4.0 MeV, 
tne recommended distributions nave been obtained from model calculations : 
using the ABACUS-II code. (See Figures A-23 through A-25.) 


The anguler distribution of secondary neutrcns has been assumed 


to be isotropic for incident neutrons of 0.04 MeV and less. 


Between 0.04 and 0.2 MeV, the recommended data were taken from the 


(96,97) 


rather rough experimental data for this energy range. Between 
O.2 and 1.5 MeV, an attempt was made to construct a meaningful set of 
distributions that were consistent with the available experimental] 
gata\9@-9") and also give realistic changes in angular distributions 
across the scattering resonances. Above 1.5 MeV, the few points measured 


by Towle and Gilboy were used. 
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S.2 Keutrons from Nonelastic Reactions 


The angular distributions from (n,n'. continuum), (n,2n), n.np), 
and (n,ngw’ reactions have been sssumed to be isotropic in the center of 
mass system. Tne angular distributions for neutrans scattered to discrete 


levels heave been obteined uci tne ARACUS-ITI code. 
ng 


Chein and saith! ?") nave measurec angular distributions of neutrons 

that leave the residual nucleus at the 0.429 (5/2+} level. These mea- 
surements were meade at neutron energies of 1.0, 1.2, and 1.4 MeV. The 
Gistribution for 1.0 MeV incicent energy neutrons was essentially iso- 
tropic, in agreement with the ABACUS-ITI celculation. Tne measurements at 
1.2 and 1.4 MeV were slightly forward peaked in angle. Towle and ema 
measure Gistributions for the same level at neutron energies of 0.98, 
1.50 and 2.15 MeV. At 0.98 MeV, the measured distribution was in con- 
siderable cisagreement with the measurement made by Chein and Smith at 
this energyr The forward peaking observed by Chein and Smith at 1.4 MeV 
was also observed by Towle and Gilboy at 1.5 MeV. At 2.15 MeV the dis- 
tribution was ooserved to be peaked in the backward angles. Towle and 
Gilboy also measured the combined angular distributions for the two 
levels (2.08 and 2.39 MeV) at a neutron energy of 2.97 MeV. Also mea- 
sured at this energy were distributions for the two levels (2.64 and 

2.70 MeV) and the level at 2.98 MeV. All of these distributions were 


found to be fairly isotropic and in agreement with model calculations. 


Shipley, et a5) have measured the distribution for scattering to 
the 0.429 MeV level for incident neutron energies of 2.49, 2.75, and 4.0 
MeV. All of these distributions were observed to be peaked in the back- 
ward angles. At 4.0 MeV, this distribution was essentially isotropic. 


6. ENERGY DISTRIBUTION OF SECONDARY NEUTRONS 


The energy distribution of secondary neutrons has been calculated using 
the statistical model described in Volume I of this report. The effective 


nuclear temperature has been obtained using 


™E) = BVE/A 
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where A is the atomic mess. 8B wes taken to be 2.5 fr the (n,n' continuum). 
For (n,2n), (n,nv), and (n,np) reactions, B was taken to be 1.256 based on 


(99) 


neutron spectra measurements mede by Sukhanov and Rukavishnikov. 


7. GAMMA RAY PRODUCTION CROSS SECTIONS 


La 


f.1 Cr ss Sections for Production of Radistive Capture Gamma Rays 


- Rediative capture of thermal energy neutrons leave the compound 
nucleus at en excitation energy of 6.959 MeV before gamma decay. A 

. decay scheme for tnese gamma rays nas been established. This decay 
scheme is shown in Figureh. The information given in Figure 4 was based 


“= 4 a J % ~ e > > =~ ~ ~ 3 
on data published in review articles by Endt and Van der Leun' 3} and by 


, 
Groshev, et a( 100) Also, informetion from recent measurements by 

2 
Murray, et ai‘ 102) and by Paumero"? have been incorporated into the recon- 


mended data. The transition probabilities are given in Table 10. 


7.2 Cross Sections for Production of (n,n’y) Gamma Rays 


Cross sections for production of (n,n'y) gamma rays hpve been cal- 
culated using the inelastic level cross section described in Section 
4.5 and the gamma ray branching ratios given in Figure 1. Cross sections 
have been obtained for 29 discrete gammas. These have been listed in 
Table 3. 


Many of the higher energy levels decay to the 0.4392 (5/2+) level. 
Thus the production cross section for the 0.4392 MeV gamma ray was quite ? 
large. This cross section was extrapolated to 20.0 MeV by using the 
eross section measured by Martin and ctewart (203) at 14.1 Mev. 


~.2 Cross Sections for Production of Gamma Rays Following Charged 
: Particle Emission 


~ ce” heed 


A number of gamma rays may possibly be emitted »sy these reactions 
(see Section 3.3 and 3.4). However, lack of experimental data pre-~- 


cluded giving any production cross sections for discrete gammas for 


et 
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Table 10 


Transition Probabilities for (n,y) Photons 


Gamma Ray Probability 
Ho. mer Mey Transition Protons per 100 captures 
Level) to (Level 
1 0.087 0.560 to 0.872 47.8 
2 0.473 0.472 to 0.0 80.8 
3 0.720 2.50 to 1.84 7-¢ 
), 0.850 3.41 to 2.56 7.Q 
5 0.874 1.247 to 0.4732 12.0 
6 1.367 1.8h to 0.473 8.0 
T 1.829 6.959 to 5.13 3.0 
8 1.987 2.46 to 0.473 2.0 
9 2.209 6.959 to 4.75 8.0 
10 2.299 6.959 to 4.56 21.0 
11 2.519 6.959 to bk 19.0 
12 2.759 6.959 to 4&.20 8.0 
22 2.850 3-41 to 0.56 8.0 
1; 3.650 6.959 to 3.90 1.0 
15 3.093 He4k =6to 63.093 6.0 
16 3.339 6.959 to 3.62 5.0 
1 3.549 6.959 to 3.41 15.0 
18 3.620 3.62 to 0.0 5.0 
19 3.880 Bek oto 600.56 3.0 
20 3.900 3-90 to 0.0 1.0 
el 3.967 uk to «60.472 10.0 
22 4 £000 4.56 to 0.56 11.0 
23 180 L.75 ~=to 0.56 4.8 
ok 4 £200 5.20 to 0.0 8.0 
25 4 277 4.75) =to «(0.472 1.0 
26 4.499 6.959 to 2.h6 2.0 
27 4.750 4.75 ~=6to 60.0 2.2 
28 5.119 6.959 to 1.8% 1.0 
29 5.130 5.13 to 0.0 3.0 
30 5.612 6.959 to 1.347 6.0 
31 6.399 6.959 to 0.56 21.0 
Total 327.60 


i Rete ee 
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these reactions. 
(204) 


(n,p ) and (15, ) cross sections for the energy range from 4.0 to 8.0 


It was recently noted that Bass and Salen nave measured the 
MeV. The (n,p, ) cross section was essentially zero fcr energies below 
6.0 MeV end reached a maximum of about 11.0 mb at 7.4 MeY. Because of 
the preliminary nature of these data and the small cross sections for 
producing the 1.02 MeV gamma ray, this cross section hes not been in- 


cludec in the recommended data. 


8. ANGULAR DISTRIBUTION OF SECONDARY GAMMA RAYS 

The gamma rays produced by (n,y) reactions have been assumed to be iso- 
tropic. The angular distributions for (n,n'y) gamma reys heve been calcu- 
lated using the MANDY code. The gamma ray transition properties have been 
used in these calculations along with the neutron transmission coefficients 


obtained from ABACUS-II calculations. (See Figures A-26 and A-27.) 
9. ENERGY DISTRIBUTION OF SRCONDARY GAMMA RAYS 


The gamma rays that have not been treated as discrete lines have been 
included in a continuous spectra. The format for these cross sections has 


been described in Volume I of this report. 


> 
I. L. Morgan, et ay!) 
rays produced by nonelastic reactions for 14 MeV neutrons. This spectrum 
covered the gamma ray energy range from 0.5 to 6.5 MeV. This measurement 


hes been used as the basis for the recommended data for 14 MeV neutrons. 


This same basic spectral shape has been used for both higher and lower inci- 


dent energy neutrons. However, the high energy end of the spectra were 
modified to account for the increase in gamma ray energies as excitation 


energy increased. 
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have measured the energy distributions of gamma 


wae Fe dn, aliinniendial en 
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Figure A-26. Angular distribution of n,n' gamma ray, E, = 0.46 MeV 
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Figure A-27. Angular distribution of n,n' gamma rays, E = 5.0 MeV 
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